The ability of HSV-I DNA to become associated with host cell DNA in an alkaline-stable form has been demonstrated following infection of a ts baby hamster kidney growth mutant (ts BTN-D, at the non-permissive temperature (39"5 °C). After 8 h pre-incubation at 39"5 °C, ts BTN-I cells infected at this temperature using m.o.i, ranging from 0"5 to 20o p.f.u./cell fail to replicate virus DNA even though transport of input virus genomes to the nucleus is the same at both permissive and non-permissive temperatures.
INTRODUCTION
Tae integration of virus DNA into the chromosomal DNA of eukaryotic cells is probably not unique to transforming interactions and a variety of recent reports have presented data that is consistent with the occurrence of integration during productive infection. The viruses examined have included polyoma (Babiuk & Hudson, I972; Ralph & Colter, I972; Turler, 1977) , simian virus 40 (Hirai & Defendi, I972) , adenoviruses (Schick et al. I976; Tyndall et al. I978 ) and herpes simplex virus type i (HSV-I ; Biegeleisen & Rush, 1976; Biegeleisen et al. I977) . In the case of the HSV-I system, the number of virus DNA equivalents found to be associated with host cell DNA varied from about 20 to 1ooo equivalents per cell depending on the multiplicity, temperature and time of infection, with typical values of IOO to 2o0 equivalents observed 24 h p.i. at 37 °C and at a relatively high m.o.i. (Biegeleisen et al. I977) .
The major technique used for determining the extent of association between host and HSV-I DNAs involved their resolution by repeated neutral CsC! equilibrium density gradient centrifugation, followed by quantification of virus DNA in the host cell material by measurements of the increase in reassociation rate of an added a~P-labelled, denatured, HSV-I DNA probe. In this communication we report a more direct demonstration of such an interaction, based upon the alkali stable association of 3H-labelled HSV-I DNA present in infecting virions with the host DNA of a ts mutant (Is BTN-I) of baby hamster kidney cells (BHK-2I) known to be defective in both cell cycle progression (Nishimoto & Basilico, I978) and HSV-x DNA replication (Yanagi et al. I978) at the non-permissive temperature of 39"5 °C. Since both virus and host cell DNA syntheses are inhibited in this mutant at 39"5 °C, it was hoped that a direct demonstration of an association between them would not be complicated by the presence of large amounts of free virus DNA, or by the possible incorporation of radioactive thymidine from degraded virus genomes into replicating host cell DNA.
METHODS
Virus infeetion. HSV-I strain MacIntyre (American Type Culture Collection), previously propagated at a m.o.i, of o.oi p.f.u./cell to avoid the appearance of defective particles, was used to infect cells at about 25 % confluence at the temperatures indicated in the text. Conditions of cell growth [in Dulbecco-modified Eagle's medium (GIBCO) containing lo % calf serum under an atmosphere of 5 % COs], details of virus infection and method of plaque assay, were all as previously described (Yanagi et al. I978) .
Cells. African green monkey kidney (BSC-I) cells were used for preparing virus stocks and for plaque titration. The characteristics of the ts mutant, ts BTN-l, derived from BHK-21 cells (both provided by Dr Claudio Basilico) have been described elsewhere (Nishimoto & Basilico, 197g; Yanagi et al. I978) ; in brief ts BTN-I appears to become arrested in all phases of the cell cycle at the non-permissive temperature (39"5 °C), exhibits a 95 % inhibition of DNA synthesis and an 8o% inhibition of protein synthesis 8 h after shift up to 39"5 °C, has a plating efficiency at 33"5 °C of greater than 3"o°//o after 16 h incubation at 39"5 °C and does not allow the replication of HSV-~ DNA at the non-permissive temperature. Revertants of ts BTN-~ were obtained by isolation of the rare colonies appearing on dishes maintained at 39"5 °C.
Measurement of virus DNA synthesis. Infected cells (in 60 mm plastic dishes containing 2 ml of medium) were labelled with either 2"5 #Ci of methyl-3H-thymidine/ml (6"7 Ci/mmol; New England Nuclear, Boston, Mass.) or Io#Ci 3ZP-phosphoric acid (New England Nuclear) per ml for 20 h (results obtained with either precursor were identical). Cells were re-suspended in their own culture medium and adjusted to a final vol. of 6 ml by the addition of a solution containing 1.2% SDS, IO mM-EDTA, IO mM-tris-HCl, pH 7"9, and then incubated for I h at 37 °C. The amount of virus DNA in these lysates was determined by centrifuging portions of them to equilibrium in CsCI density gradients as previously described (Yanagi et aL I978) .
Preparation of 3H-labelled virus and virus DNA. Infected BSC-I cells in medium containing 2"5/tCi methyl-aH-thymidine]ml (m.o.i. = o.oI p.f.u./cell) at 37 °C in plastic roller bottles (between I'5 x Ioa and t-5 × IO 9 total cells) were re-suspended in their own culture medium at 48 h p.i. Cells and debris were pelleted by centrifugation (5 min) at 3000 rev/min and re-suspended in I o ml of o.15 M-NaCI; the supernatant was then centrifuged for 30 min at I5ooo rev/min and 4 °C and the resulting virus pellet re-suspended in IO ml o'I5 M-NaCI. Both re-suspended pellets were dispersed with 25 strokes of a Dounce homogenizer, clarified of debris by a Io min, 30o0 rev/min centrifugation and re-precipitated by centrifugation at I5ooo rev/min for 30 min. These pellets were then each re-suspended in ro ml of o'oI5 M-NaCI, o'ooI5 M-trisodium citrate (o-r × SSC) and subjected to two additional rounds of the same procedure of homogenization, clarification and high speed pelleting described above; the final virus pellets were re-suspended in 3 ml of o-I × SSC and represent cell-associated (derived from the original cell pellet) and non-cell-associated (derived from the original supernatant) preparations.
Virus DNA was extracted from the re-suspended pellets by adding an equal vol. of o.oI M-EDTA, pH 7"6, 1% SDS, incubating at 37 °C for 40 min and purifying the DNA by chloroform:isoamyl alcohol extraction (Biegeleisen & Rush, I976) . In general, virions The labelled DNA (50/zg, 1"5 x to 5 ct/min//zg) was originally centrifuged to equilibrium in a gradient similar to the one shown in (b) and the material corresponding to suspected host cell DNA was pooled, re-centrifuged, pooled again and re-centrifuged; the radioactivity pattern shown here (determined by direct counting of fractions in Io ml Aquasol) represents the final centrifugation and fractions are numbered sequentially from the top of the gradient.
Integration of HSV-I and host DNAs
derived from 2 × IO 9 infected ceils yielded about I mg of cell-associated virus DNA and 5oo/zg of non-cell-associated virus DNA and sp.act, ranged from I"5 to 5 x io 5 ct/min//zg. Ultraviolet absorption tracings of virus DNAs obtained in a typical preparation, following CsCI equilibrium buoyant density centrifugation, are shown in Fig. I (a) and (b). Although no material banding at a density characteristic of host cell DNA is observable in these preparations, some samples derived exclusively from cell-associated virions may contain as much as 5 % cellular DNA. A more thorough analysis of the DNA present in non-cellassociated virions is shown in Fig. I (c) . Approx. 5o/zg of 3H-labelled virus DNA (1.5 × IO n ct/min//zg) was centrifuged to equilibrium in CsC1 and material in the host cell DNA region was combined, re-run on an additional gradient, combined again and re-run. The radioactivity profile shown in Fig. I (c) reveals that even this highly selective procedure failed to demonstrate a major distinct peak of host cell material, since almost all of the DNA continued to band in the virus region.
RESULTS

Further characterization of the interaction between HSV-I and ts BTN-I cells
Data demonstrating the inability of ts BTN-I cells to support HSV-I replication at the non-permissive temperature have been presented previously (Yanagi et al. I978) . Evidence for two additional characteristics of this system that are particularly relevant to a study of the alkali stable association of radioactive DNA present in infecting virions with host cell DNA have since been examined and are presented here. Specifically, it will be shown that the same defect is responsible for both conditional growth arrest and virus DNA synthesis inhibition and that this defect has no apparent effect on the nuclear uptake of virus DNA. Verification of these two predicted properties of the HSV-I, BTN-I interaction indicates that this system can be considered to be more or less well defined, at least in terms of the requirement for one specific host function in nuclear virus DNA synthesis. In addition, these properties also suggest that the demonstration in ts BTN-I of an alkali stable association between host and parental virus DNAs at 39"5 °C may be indicative of the same sort of association occurring during other types of non-productive or productive infections.
Examination of HSV-I replication in ts BTN-i revertants
In order to show that ts BTN-I contains a single mutation responsible for growth arrest and virus replication inhibition, revertants of this line selected by their abilityto form colonies at 39"5 °C were tested for their competence in supporting HSV-I replication. Two independently isolated revertants were examined with identical results and the analysis of virus DNA synthesis in one of them (BTN-I-Ra) is shown in Fig. 2 , along with the results obtained from studies of ts BTN-I itself. (Both mutant and revertant cell lines were pre-incubated for 8 h at 39"5 °C in those studies involving high temperature infections.) As expected, the cell line that had reverted to normal growth at 39"5 °C also replicated HSV-I DNA at this temperature (even at a low m.o.i.); it was also found that infectious virus production was the same at either 33"5 or 39"5 °C in both revertants (data not shown) and it thus seems certain that one genetic defect results in a conditional inhibition of both cell growth and HSV-I replication.
Examination of virus DNA uptake by ts BTN-I cells at 39"5 °C
In order to confirm previous results obtained from temperature 'shift up' experiments (Yanagi et aL ~978) that suggested normal adsorption, penetration and uncoating of HSV-I at 39"5 °C in ts BTN-t, the uptake of input radioactive virus DNA by nuclei of ts BTN-~ cells was measured. Cells grown at either 33"5 °C, or pre-incubated at 39"5 °C for 8 h, were infected at a m.o.i, of z5 p.f.u./cell with virions containing all-labelled DNA (see Methods) and incubated for an additional 4 h at these temperatures. Nuclear and cytoplasmic fractions of these infected cells were then prepared by a modification of the procedure of Wu & Zubay (I974). Specifically, cells were suspended and washed three times in cold (4 °C) isotonic buffer (30 mM-tris-HC1, I2O mM-KC1, 5 mM-Mg acetate, o.i mM-dithiothreitol, pH 7"5), re-suspended in IO ml of cold hypotonic buffer IO mM-tris-HC1, I mM-KC1, 3 mi-Mg acetate, o'I mi-dithiothreitol, pH 7"57 and then disrupted with a Dounce homogenizer. The disrupted cell suspension was centrifuged at 2ooo rev/min for 5 min and the supernatant (cytoplasmic fraction) analysed for radioactivity by counting samples in Aquasol (New England Nuclear). The nuclear pellet was washed four times with isotonic buffer containing o.i % Triton X-Ioo (Sigma) and finally washed and re-suspended in the same buffer lacking Triton X-I oo, before counting. The results of this analysis are shown in Table t , along with a similar analysis of infected wild type BHK-21 cells. It should be noted that identical results were obtained from measurements of either TCA-precipitable or total counts and that * The percentages reported here were derived from the amount of radioactivity recovered from the nuclei divided by the total radioactivity recovered from both nuclei and cytoplasm. This total, in the range of 3 × IO n ct/min, was not significantly different for either cell type or temperature.
sucrose gradient analysis of the radioactivity recovered from infected nuclei of both cell types at either temperature revealed that most of the material sedimented at about 55S, the value expected for intact virus DNA (data not shown). From the results of this and other experiments (data not shown), it can be concluded that no reproducible difference exists in the nuclear uptake of virus DNA by wild type or mutant cells infected at either 
Association of 3H-labelled input virus DNA with the host cell DNA of ts BTN-I cells infected at 39"5 °C
The results presented above demonstrate that high temperature HSV-I infections of ts BTN-I cells are non-permissive for virus DNA replication, although transport of input virus DNA to the nucleus is unimpaired. These properties of the ts BTN-I, HSV-I system, prompted an investigation of the ability of input 3H-thymidine labelled virus DNA to become associated with host cell DNA in an alkali stable form. The initial stages of the experimental approach used for demonstrating an association between host and virus DNAs in non-permissive infections of ts BTN-I cells involved the resolution of host and virus nucleic acids by repeated neutral CsC1 equilibrium gradient centrifugations of the total DNA extracted from infected cells by the method of Marmur (I96I). (A I h pronase digestion was included before the addition of sodium perchlorate.) The detailed procedure and final results of two such experiments are presented in the legend and profiles of Fig. 3 ; in brief, these experiments reveal the presence of a distinct peak of labelled virus DNA banding in the host cell DNA region of a CsCI equilibrium gradient.
The host cell DNA analysed in the gradients shown in this figure represents material that has already been extensively resolved from virus DNA by two previous CsC1 gradients and since the average mol. wt. of this material is about 50 × IOs (compared to an expected intact HSV-I DNA mol. wt. of Io 8) it may be assumed that any HSV-I :host DNA hybrid molecules banding in the host region will contain predominantly (greater than 90 %) host nucleic acid (Biegeleisen et al. I977) . In other words, the CsC1 density gradient procedure used to prepare host cell DNA from infected cells has selected for those degraded hybrid molecules (average mol. wt. of 50 × Io ~) that contain a small fraction (about 5 × IO~ daltons) of HSV DNA; such selected hybrids could be derived from much larger molecules containing either intact and/or partial virus genomes, but a distinction between these possibilities cannot be obtained from our data. The data shown in Fig. 3 (b) were obtained from an infection using a different virus stock and a higher m.o.i, than the experiment shown in Fig. 3(a) ; in addition, the data presented in Fig. 3(b) include a control that should be as sensitive as possible for detecting an artefactual association of virus and host DNAs. Indeed, the small amount of radioactivity found in the host cell region of the control gradient might even represent a ' true' association occurring within the first half hour of infection. It should be noted that the virus stock used in the experiment shown in Fig. 3(a) was the one from which nucleic acid was isolated for the DNA analysis shown in Fig. I (c) , an analysis that revealed the absence of a distinct peak of radioactivity capable of banding in the region of host cell DNA.
Before describing the behaviour of the radioactive material isolated from the gradient shown in Fig. 3 (b) upon alkali CsC1 equilibrium gradient centrifugation, it should be noted that this DNA contains a total of about 0.2/zg HSV-I DNA (30000 ct/min, I"5 x io 5 ct/min//zg) per 40/zg host cell DNA, which corresponds to about 200 virus DNA equivalents per cell (Biegeleisen et al. I977) .
Alkali stability of the association between ZH-labelled input virus DNA and host cell DNA
In order to demonstrate that banding of virus DNA at the position of host cell DNA (Fig. 3) reflects the type of interaction expected for the covalent integration of one DNA into another, samples of this material (obtained from combined fractions IO to 23 shown in Fig. 3(b) )were centrifuged to equilibrium in alkaline CsC1 as shown in Fig. 4(a) . The profiles of radioactivity represented in this figure are the same as those obtained from two other alkaline gradients (data not shown), which reveal that most of the radioactive Conditions of centrifugation were the same as those described in the legends to Fig. t and 2 , as was the method of collection; radioactivity was determined by counting fractions or samples of fractions in Aquasol.
(a) Twenty 1oo mm diam. plastic culture dishes of ts BTN-I cells pre-incubated at 39"5 °C for 8 h were infected at this temperature with 3H-labelled non-cell-associated virions (see Methods) at a m.o.i, of 5 p.f.u./cell and total cellular DNA was isolated at 8 h p.L This DNA was then centrifuged to equilibrium in two neutral CsCI gradients with no more than 15o to [8o/zg DNA/gradient (data not shown), and fractions corresponding to the host cell regions were pooled and re-centrifuged (data not shown). Fractions corresponding to the host cell regions of these second gradients were pooled and again re-centrifuged and the u. 3H-HSV-r DNA continues to band in the host region and that material present in the region of virus DNA appears to have a slightly lower density than pure virus DNA (control experiments using purified 3H-and 14C-labelled virus DNAs have shown that this difference is not an isotope effect). The most likely explanation for these findings is that host and virus DNAs are covalently linked in a linear association and in order to investigate this possibility samples of the material isolated from the gradient shown in Fig. 3 (b) were sheared to an average mol. wt. of 5 × I@ before being centrifuged to equilibrium in alkaline CsCI. The results of two of these experiments, one of which is shown in Fig. 4(b) , revealed that shearing the 5o × to n tool. wt. molecules (Biegeleisen & Rush, I976) isolated from the host region of the gradient shown in Fig. 3(b) resulted in a significant asymmetric shift of radioactivity to an average buoyant density intermediate between that expected for virus and host DNAs. Such a finding is most easily explained by noting that radioactively labelled sheared DNAs should contain a much greater proportion of virus DNA sequences than the relatively large, predominantly host cell DNA species, from which they are derived. In addition, since the presumptive hybrid molecules present in the host DNA peak shown in Fig. 3 (b) were selected to contain predominantly host cell DNA, it is not surprising that most Of the sheared radioactively labelled material shifted to an intermediate, rather than to a fully viral, buoyant density.
DISCUSSION
The results presented in this communication reveal the alkali stable association of input HSVq DNA with host cell DNA during non-permissive infection of ts BTN-I cells. The amount of virus DNA identified in the associated state was similar to the quantity detected during productive infections of BSC-I cells (Biegeleisen et al. 1977) and amounted to about 2o0 virus genome equivalents per cell before alkali treatment and only 25 % less after 48 h at pH I2-3. [As previously noted, these values are probably underestimates of the true extents of HSV and host DNA interaction since some virus sequences may not be detected in isolated host-cell DNA due to the fragmentation of such material during isolation (Biegeleisen et al. 1977 ).] Although some radioactive virus DNA became associated with host cell DNA in a control experiment involving an infection time of less than 0"5 h (Fig. 3b) , the number of counts were too low for an alkaline CsC1 gradient analysis. These findings, in conjunction with many reconstruction experiments performed to establish the efficiency of resolving host and virus DNAs in CsC1 gradients (Biegeleisen & Rush, I976; Biegeleisen et al. 1977) , strongly suggest that a measurable amount of HSV-i DNA integrates into host cell DNA during either .productive or abortive infections.
This integration of HSV-I DNA into host cell DNA is probably analogous to the integration of Epstein-Barr virus (a member of the herpes group) DNA into the host cell DNA of lymphocytes (Andersson-Anvret & Lindahl, I978), the stable transformation of thymidine kinaseless mutants of animal cells without kinase to a thymidine kinase positive phenotype following exposure to either inactivated HSV (Munyon et al. I97I) or fragmented HSV DNAs (Bacchetti & Graham, I977; Maitland & McDougall, 1977; Wigler et al. 1977; Minson et al. i978) , and the reported morphological (sometimes oncogenic) transformation of animal cells by herpes simplex virus under non-permissive conditions of infection (Macnab, 1974; Rapp & Li, 1974; Darai & Munk, 1976) . Most, or all, of the thymidine kinase and morphological transformations appear to involve a permanent association of at least some virus DNA sequences with the host cell (Kraiselburd et al. 1975; Davis & Kingsbury, 1976; Frenkel et al. I976 ) and in analogy with certain cell lines 'converted' by Epstein-Barr virus (Andersson-Anvret & Lindahl, 1978) , and with the general properties of cells transformed by papova and adenoviruses, it is reasonable to assume that these HSV transformed cell lines contain their virus associated DNA in an integrated state. Should this prove to be the case, biochemical and morphological transformation by HSV could be considered secondary effects of the normal integration of virus DNA; in other words, the existence of a permanently non-permissive system along with the stable, non-lethal association of virus DNA, rather than a rare integration event, would be the critical factors in establishing transformation. Such integration could be very similar to the general behaviour of insertion sequences and 'transposons' (transposable genetic elements) in altering the phenotypes of bacteria by integrating at many chromosomal sites (Cohen, I976; Kleckner, I977) sequences (though of shorter length) are present at the termini of most transposable elements and are thought to be intimately involved in the illicit recombination events characteristic of these 'jumping genes'.
